Microtubules are an essential component of the cytoskeleton of a eukaryotic cell.
Introduction
Microtubules, heterodimers of α-and β-tubulin, are implicated in multiple roles including intracellular transport, maintenance of cell morphology, and formation of cell polarity. 1, 2 Tubulin, the building block of microtubules, is subject to post-translational modifications proposed to specify microtubule subpopulations for particular functions. 3, 4 Changes in tubulin post-translational modifications have been associated with neurodegenerative disorders, cancer, heart diseases and other pathological conditions. 5, 6 Stable microtubules are well known to contain acetylated tubulin, which is one of the major post-translational modifications of microtubules. Acetylation tubulin has been implicated in the differentiation of microtubule structure and function. 7, 8 In the rodent cochlea, previous studies have shown that expression of acetylated tubulin played significant roles in auditory function. For example, the intensity of staining of acetylated tubulin correlated with microtubule stability in supporting cells of the gerbil auditory sensory epithelium. 9 Alteration of thyroid hormones led to a decrease in acetylated tubulin immunofluorescence in supporting pillar and Deiters' cells, and disrupted cell mechanics in the developing organ of Corti. 10 More recently, a report demonstrated that the reduction in acetylated α-tubulin labeling in the pillar cells in early postnatal stages was linked to mechanism of gjb2-related hearing loss. 11 In the mammalian cochlea, the widespread expression of acetylated tubulin at different stages has been obtained, suggesting its expression in normal cochlea was related to the development. 12, 13 However, the detailed and dynamic expression pattern of acetylation tubulin during cochlear development is not still determined, which is essential for understanding its potential roles in cochlear development and hearing. In the present study, we investigate the spatio-temporal expression of acetylated tubulin in the mouse cochlea during postnatal development in more detail by immunofluorescence analysis. Images are acquired by confocal laser-scanning microscopy and analyzed semi-quantitatively by software. This is the first study showing a comprehensive immunohistochemical mapping of acetylated tubulin in the developing mouse cochlea across ten postnatal time points, providing an evidence that acetylated tubulin has an important role in postnatal mouse cochlear development.
Materials and Methods

Animals
Male and female BALB/c mice of the following ages were examined in this study, namely, postnatal day 1 (P1), P5, P8, P10, P12, P14, P17, P21, P30 and the adult 
Tissue preparation
The detailed methods and procedures of immunofluorescent staining could be found in our previous reports in rat cochlear tissue. 16, 17 Briefly, post-natal mouse at different developmental stages (P1, P5, P8, P10, P12, P14, P17, P21, P30 and P30 +) were fixed initially by intracardiac perfusion with ice-cold 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4) and the cochlea was then quickly removed. The round and oval windows of the cochlea were opened, and a small hole made in the bony apex of the cochlea. After perilymphatic perfusion with the above fixative, cochlea was postfixed in the same fixative for 35 min at room temperature. P5 and older animals were decalcified in 10% EDTA at pH 7.4. One should note that decalcification time for mice cochlea tissue needed to be further optimized. In our protocol, P30 mouse cochlea was decalcified in 10% EDTA solution at 4°C for 16 h, and excess tissue surrounding the cochlea was removed every three hours. The cochleae were subsequently placed in a gradient of sucrose 15% for 3 h and 30% overnight. The cochleae were then embeded in optimum cutting temperature compound (OCT) at 4°C for 3 h. Serial 7-μm-thick sections were cut with a Leica cryostat microtome.
Antibodies
A monoclonal mouse anti-acetylated tubulin antibody (Clone 6-11B-1, Cat. No. T6793, Sigma-Aldrich, St. Louis, MO, USA) was used to detect acetylated tubulin. This antibody has been used to detect acetylated α-tubulins from many organisms including mouse, 18, 19 and detailed information about the specificities of this antibody is accessible in the literation. 20 A polyclonal rabbit anti-myosin VIIa antibody (Cat. No. 25-6791, Proteus Biosciences, Ramona, CA, USA) was used to label HCs.
Immunofluorescence
Cochlear cross-sections were treated for 30 min with 10% donkey serum and 0.3% Triton X-100 in PBS in order to make membranes more permeable to antibodies and prevent nonspecific binding of the primary antibody. Then sections were incubated Original Paper 
Immunofluorescence quantification and statistical analysis
For semi-quantitative analysis of acetylated tubulin immunolabeling intensity in the specific regions of mouse cochlea sections at various time points tested, the computer image analysis software Image J was performed (freely downloadable from the Image J website). The digital image (captured as described above) was converted to 8 bit. The threshold for staining detection was set, and the immunostained area of interest was manually drawn by using the polygon tool. In the menu options selected Analyze > Measure to calculate the area, integrated density (IntDen), and mean intensity of the region of interest. Values were obtained from two cochlear sections per group and all statistical analysis were performed with IBM SPSS Software, ver. 20.0 (IBM Co., Armonk, NY, USA). The data are presented as the mean ± standard deviation. Statistical significance was determined using a one-way analysis of variance, and a least significant difference posthoc test was used to evaluate the statistical differences between groups. Differences were considered statistically significant when the P-value was less than 0.05.
Results
Developmental expression of acetylated tubulin in mouse cochlea at P1, P5, P8, P10 and P12
In the present study, the spatio-temporal expression of acetylated tubulin was examined by immunofluorescence on cryosections of the mouse cochlea at various developmental stages. At P1, labeling was mainly limited to the auditory nerve and their terminals innervating the organ of Corti (Figure1 A,B) . These results were consistent with prior data demonstrating that the distribution of nerve fibers was labeled with a monoclonal antibody to acetylated tubulin in the P0 mouse cochlea, which permitted visualization of the innervation pattern. 21, 22 No positive immunolabeling was observed in the negative control ( Figure 1C) . To determine the precise localization of acetylated tubulin in the organ of Corti, we performed double labeling with acetylated tubulin and an antibody to myosin VIIa, a known marker of developing sensory hair cells. In the medial turn of P1, acetylated tubulin-labeled radial fibers projected to the base of IHCs and OHCs, which formed synaptic contacts with the HCs, while acetylated tubulin was rarely observed in the cell bodies of spiral gan- glion neurons in the Rosenthal's canal (Figure 1 D-G) . The neural staining in the synaptic area underneath the IHCs and OHCs was evident in the basal turn ( Figure  1 H-I) . At the medial turn of P5, acetylated tubulin showed moderate expression in the head plate of the pillar cells and outer pillar cell. Labeling for acetylated tubulin was observed as dense nerve plexus beneath IHCs and the three rows of nerve fibers under the OHCs. Interestingly, acetylated tubulin first appeared in the phalangeal processes of Deiters' cells, between the base of the OHCs and the reticular lamina (Figure 2 A-C) . As development proceeded, the opening of the tunnel of Corti between the inner and outer pillar cells was observed at P8, and Nuel's space between outer pillar cells and OHCs was formed at P10. These are important hallmarks in cochlear development. 23 During this period, changes in the extent of labeling across the pillar and Deiters' cells were observed at two key developmental stages. At P8, the apical surface of inner pillar cell extended a process and showed positive labeling. Labeling for acetylated tubulin was maintained in the phalangeal processes of Deiters' cells, both the inner and outer pillar cells exhibited moderate staining (Figure 2 D-F) . At P10, labeling for acetylated tubulin in Deiters' cells was more extensively labeled than at P8, a slightly interrupted line extended from the reticular lamina toward the basilar membrane, more intense staining was distributed throughout the cytoplasm of inner and outer pillar cells, and labeling was also maintained in the inner spiral plexus and the auditory nerve fibers. It was interesting to note that immunofluorescence was present in the efferent tunnel crossing fibers, which crossed the tunnel of Corti at mid-level ( Figure 3 A-D) . Later, at the onset of hearing in mice (P12), 24 the tunnel of Corti was wider, the apical surface process of the inner pillar cell is obviously bent over the outer pillar cell. At this time, acetylated tubulin displayed prominent and homogeneous labeling along the entire length of two cell types, and the foot plates resting on the basilar membrane exhibited strong labeling. Labeling for acetylated tubulin ran parallel to the apical surface of the outer pillar cell, forming the beam bundle. Linear labeling was present mainly in the Deiters' cell bodies, which defined the distance between the base of the OHCs and the basilar membrane, and the staining seemed to vanish from the OHCs synaptic region (Figure 3 E-F) . 
Expression of acetylated tubulin in mouse cochlea at P14, P17, P21 and the adult stage
Shortly after the onset of hearing (P14 and P17), the mouse cochlea morphologically reached an adult-like appearance, and the overall pattern of immunostaining was similar to that found in the adult mouse cochlea. Labeling for acetylated tubulin in the Deiters' cell was arranged in three parallel bundles. In the inner and outer pillar cells, and two bundles ran the full length of these two cell types, and acetylated tubulinlabeled beam bundle of outer pillar cell extended to interdigitate between the first row of OHCs. Note that labeling for acetylated tubulin formed transcellular bundle at apical surface of inner pillar cell. In addition, consistent with previous reports, in the cochlear lateral wall, immunofluorescence was also detected in the stria vascularis, root cell bodies, and a small number of fibrocytes of the spiral ligament. 25 Strong staining in nerve terminals remained nearly unchanged (Figure 4 A-F) . From P21 onward, acetylated tubulin exhibited more characteristic staining patterns. Three bundles were parallel to the longitudinal axis of Deiters' cell, and the specialized Deiters' cups developed, which held the base of the OHCs. In agreement with the concept that microtubules are long hollow cylinders, 26 this study showed that two separate bundles ran throughout the entire length of each of the pillar cells, labeling for acetylated tubulin was distributed uniformly in the transcellular bundle (inner pillar cells) and beam bundle (outer pillar cells). In addition, expression of acetylated tubulin in the cochlear lateral wall and nerve terminals beneath the IHCs was also found (Figures 5 A-F and 6 A-F).
Quantification of acetylated tubulin in pillar cells and Deiters' cells
Specific regions on cryosections of the mouse cochlea (pillar cells and Deiters' cells) at P1, P5, P8, P12, P14, P17 and adult were selected as regions of interest, and the mean intensity was obtained from the fluorescence intensity histograms. In three rows of Deiters' cells, there were significant differences in the expression of acetylated tubulin between P5 compared with P10, P14, P17 and adult (P<0.05). There was no significant difference in the expression of acetylated tubulin between P5 compared Original Paper with P8 and P12 (P>0.05). In the pillar cells, there were significant differences in the expression of acetylated tubulin between P1 compared with P5, P8, P10, P12, P14, P17 and adult (P<0.05). There was no significant difference in the expression of acetylated tubulin between P5 compared with P8, P17 and adult (P>0.05).
Discussion
This study investigated the dynamic expression of acetylated tubulin in the postnatal developing cochlea of the mouse. We showed that expression of acetylated tubulin was initiated as early as P1, its expression was broadly distributed in mouse cochlea throughout postnatal maturation. This suggested that acetylated tubulin was essential for the postnatal development of mouse cochlea. At P1, acetylated tubulin immunolabeling was observed mainly in the nerve fibers and their synaptic area underneath the IHCs and OHCs. Subsequently, the neural stainings underneath the OHCs disappear with maturation.
In contrast, we demonstrate, for the first time, that acetylated tubulin immunostaining persisted in nerve terminals under the IHCs throughout development and into adulthood. Given the fact that microtubules act as directional railways for organelle transport during synaptogenesis, 27, 28 we speculated that acetylated tubulin might be involved in the development and maintenance of cochlear innervation, through mediating intracellular transport of organelles. Acetylated tubulin immunolabeling of the organ of Corti followed a precise spatiotemporal expression profile that was coincident with the development and maturation of the organ of Corti. Immunostaining for acetylated tubulin occurred firstly in the apex of pillar cells and proceeded basally. As with pillar cells, immunostaining in the Deiters' cells elongated downwards the base. Our findings further corroborated with previous reports in the gerbil that in the pillar and Deiters' cells, post-translational modifications progressed from cell apex to base in the same direction as microtubule elongation.
14 Of particular interest was the change in the spatial extent and the intensity of immunolabeling across the pillar and Deiters' cells presented here that coincided temporally with the opening of the tunnel of Corti and spaces of Nuel. These fluid-filled spaces facilitate the sound wave that supports OHC amplification. 29 These observations indicated that early postnatal acetylated tubulin expression participates in the development of pillar cells and the phalangeal processes of Deiters' cells and, as a result, in the formation of fluid spaces in the organ of Corti. Shortly after hearing onset to the adult, its expression profile exhibited only minor changes within the cochlear tissues, which might imply that developmentally regulated expression of acetylated tubulin correlated with the onset of hearing. In later postnatal stages, particularly strong immunolabelling was observed in pillar cells and three rows of Deiters' cells. Immunostaining in the pillar cells was arranged in parallel bundles which ran the entire length of each cell, and bundles were present in the bodies of Deiters' cell parallel to the long axis of the cells. Another interesting finding to come out of this study was the occurrence of acetylated tubulin immunoreactivity at mechanically important cell regions, namely the Deiters' cups, which played a critical role in the mechanical-coupling between Deiters' cells and OHCs. 30 Our result supported the concept that microtubule bundles in supporting cells were stable and lent mechanical support to the organ of Corti in the late postnatal development of the cochlea, which was required for mechanical signals to mechano-sensitive hair cells. 31, 32 In addition, in the lateral wall of the cochlea, stable localization of acetylated tubulin was observed in the stria vascularis, root cell bodies, and a small number of fibrocytes of the spiral ligament from P14 through into adulthood, which implied acetylated tubulin might be involved in recycling endolymphatic potassium that was required for normal cochlear functions. 33 In conclusion, our data show that acetylated tubulin is broadly expressed in the developing mouse cochlea as early as postnatal day P1 and the distribution of acetylated tubulin appears to be developmentalstage dependent. Spatio-temporal expression pattern of acetylated tubulin in the mouse cochlea suggests its roles in postnatal cochlear development, auditory neurotransmission and cochlear micromechanics.
